Tilt steps similar to strain steps have been observed for earthquakes with magnitudes ranging from 2 to 8 and distances ranging from 10 to 12 O00 km. Tilt-step propagation velocities from the hypocentre to the station of 1-2-3.8 kms-1 have been observed in addition to those corresponding to the arrival time of teleseismic S waves. Tilt directions, amplitudes, and velocities observed at several stations simultaneously for the same earthquake are internally consistent and are likely to depend on the tectonic environment of the station in addition to the focal mechanism. The low velocity of 1-2 kms-1 is consistent with plastic-wave propagation. Other velocities are close to the Rayleigh wave short-period group velocity over continental paths.
Introduction
Tilt and strain steps associated with earthquakes have been widely observed.
Their amplitudes often exceed those theoretically expected from elastic fields associated with a dislocation at the source. Observations on propagation velocities are sparse and mostly confined to a single path (Wideman & Major 1967; Berg & Pulpan 1971) . Tilt (and strain) step amplitudes and velocities are presented for teleseisms travelling through different regions at near S-and Rayleigh-wave velocities, and for local earthquakes recorded at several stations simultaneously. Observations of some local earthquakes cover a full quadrant and should provide some understanding of near-source dynamics in relation to source and tectonic setting.
Instnunentation and method
The University of Alaska's Tripartite Tilt network at MCK, PAX, and GLM has been presented by Berg & Pulpan (1971 Distance (km) 9 550 9 408 9 520
Magn. Fig. 2 . Only a limited amount of data has so far become available from ALPA. To determine amplitudes and velocities for teleseisms and regional events, either the digital records (1 data point/second) or the tidal outputs (both to DC) were used together with the epicentre and origin time of the USCGS preliminary or monthly determinations. Great-circle path distances were determined through a geodetic 
FIG. l(a).
, i ' i - computer program by Garry Schnelzer (Hawaii Institute of Geophysics). For the last two events in Table 1 , arrival times were read from the records presented in the literature by Stacey & Rynn (1970) and Tocher & Brown (1972) , and their tilt and strain steps and distances were used. (Those of Wideman & Major 1967, were not.) For local Fairbanks earthquakes, Berg & Pulpan (1971) presented a number of offset tidal records and the corresponding pulses on the LP outputs (including the 1970 October 10 earthquake for GLM). GLM is located inside ALPA. An analogue output for a step input (calibration pulse) of one of the ALPA seismometers was obtained (lower left-hand corner of Fig. 2) . If the records of local earthquakes from GLM showed tilts (that is a step on tidal and a pulse on LP records) and the pulses propagating through ALPA could be superimposed on the calibration pulse form, the corresponding output was then considered to result from a tilt. A similar pulse on the vertical ALPA outputs (as on some stations, Fig. l(a) could be considered to indicate a corresponding change of g (earth acceleration)). It w i l l not be considered in this paper, however, since no vertical outputs have been operated at the GLM station.
Such a pulse output cannot result from the saturation of the ALPA seismic' amplifiers by large-amplitude short-period waves of the local earthquakes. In several cases the tilt only occurred in one direction, whereas the other perpendicular output shows only noise. As an example, consider the NS component of station 34 (Fig. l(c) ) that only showed noise (trace 343). The output level corresponds to E. Berg and W. Lutschak 37.3 mp at the maximum system response (at 25-s period, Table 2 , seismogram 114, Channel 343). (Table 2 gives the amplitudes of the ALPA outputs presented in Fig. l(a) , (b) and (c).) Since this output is vectorially composed of the three outputs of the triaxial system, it should show saturation at a much higher level (comparable to the pulse amplitude of the east-west output (Fig. l(b) , trace 342) if saturation of one or more amplifiers had taken place. Since it does not show such saturation it is concluded that the pulse shown on the east-west output (Fig. l(b) , trace 342), is real and corresponds to an output level of 2.2 p at the maximum system response at 25s period (Table 2 , seismogram 113, Channel 342). Similarly it is felt that the other pulses that are like a step input to the calibration coil (shown in the lower left of Fig. 2 ) are real. In other cases the pulse is clearly visible but of smaller amplitude than the maximum noise level recorded during the time interval for which the record has been obtained (as station 36 for 1970 November 12, Fig. 6 ).
For some ALPA outputs with responses deviating somewhat from the ideal stepresponse, overshoot amplitudes were used to determine tilt amplitudes. Absolute tilt amplitudes were obtained by converting the given output amplitudes via calibration amplitudes (or voltages) and using mg sin a z mga = iG, where m = mass of seismometer, g = earth gravity, a = deviation angle of seismometer boom for the equivalent pendulum length of a 20-s pendulum when the calibration current i is applied and G is the calibration-coil constant. Time resolution on the computer-plots Only those records that matched the calibration pulse have been used to determine the arrival times shown in Fig. 7 for local earthquakes (exceptions or poor results for regional and distant earthquakes are given in brackets in Table 1 ).
Focal point and origin time have been determined from a local short-period telemeter network using the S-P times at LV and P arrivals at all other short-period stations (see Figs 2-6 for locations). S-P times at LV for the four earthquakes used in Fig. 7 ranged from 1.8 to 3.7 s.
Results (a) Distant and regional earthquakes
Tilt (and strain) amplitudes and propagation velocities for a distance range of 70-12600 km and a magnitude range of 3.6-8.0 are presented in Table 1 . The velocities determined from arrivals on digital or Helicorder records should be considered very reliable, whereas those obtained from tidal records (25 mm hr-l) should be considered as indicative only. Three rather distinct velocity groupings are apparent: that of 2.6 to 2.8 kms-1 travelling through parts of the Aleutian arc (1971 November 6), South Central Alaska (1971 March 26), and in an area.north of Fairbanks (1971 May 11); that near 3.1 kms-1 travelling at least partially through the continental area; and that of 3-5-3.8 kms-1 travelling through the Pacific. All three types of step arrivals seem to be associated with and to follow somewhat, in time, the maximum amplitudes of the Rayleigh waves. A fourth step-arrival follows closely the S-wave arrival; it is visible on the Stacey & Rynn (1970, Fig. 1 nearly identical in direction and amplitude (Figs 13 and 14) . The stations are nearly 200 km apart, along the Denali Fault in the Alaska Range, whereas at GLM, on the northern edge of the Tanana Basin 250 km away, the tilt steps show much smaller amplitudes, for roughly similar epicentral distance and azimuth. Both earthquakes also had comparable magnitudes. The rise time of the tilt steps seems to be small when compared to seismometer and circuit time constants. Most of the tilt steps do not seem to recover with time. only at nearby ALPA stations?. Since the stations are very near the epicentres, focal distance and travel time served to calculate the step velocities.
Three groups of velocities are indicated : one of about 4 km s-1 which includes the 3.6 kms-1 (1970 October 10, because of relatively poor time resolution on the computer plots); a second of about 2-3-25 kms-1; and the third of 1.2 km s-1 (1971 May 13). It should be noted that for the earthquake of 1971 May 1, stations 33, A2, and 32 are all aligned with the epicentre and GLM is only slightly off. If the 2.4 kms-1 line through the arrivals at those stations is adjusted so as to pass 0 focal distance at a time different from the origin time, a better fit is obtained, resulting in a somewhat lower velocity near 2-2 kms-1.
Rise times on the ALPA output correspond (from visual matching by superposition) to that of a calibration step input, and at GLM are small compared to instrument and filter-time constants. For GLM this has also been verified for unfiltered digital outputs from local earthquakes (Fig. 10 ).
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(c) Amplitude-distance The combined vectorial amplitude of the tilt steps for the ALPA, GLM, and COL stations are presented for seven earthquakes that originated near these stations. Fig. ll(a) and (b) show tilt amplitudes versus epicentral distance; all data are summarized in Fig. 18 . Tilt amplitude and direction of five of the local earthquakes are presented in Figs 2-6 . The numbers at the tip of the tilt arrow indicate the factor by which the length of the arrow has to be multiplied to obtain tilt amplitude corresponding to the scale appearing in the lower right-hand corner of the figures. Local magnitudes range from 2.8 to somewhat over 4, and have been determined from shortperiod vertical stations LV, BLR, and SCM. LV is located in the epicentral area, BLR is some 150-180 km, and SCM is over 300 km distant from the epicentres. (1954) has investigated (two-dimensionally) the motion of relaxation that occurs when an elastic medium under tension (in y direction) is suddenly cut open from one side, perpendicular to the tension axis (along x < 0, y = 0). The plane compressional wave corresponding to a step is the strain zyy at the shockfront, and the amplitude is such that the initial tension is compensated. On the other hand, if a solution corresponding to a sinusoidal point force in a semi-infinite medium may be expressed as g (w, co-ordinates, elastic and source parameters) elwt*, where t* is the time corresponding to a particular propagation mode, and a step in force is applied at the source at t = 0, the resulting solution is given by the Fourier Integral over the Fourier Transform of the source time function times the solution function (Ewing, Jardetsky & Press 1957 , page 61) integrated over w. Therefore a step in stress (and strain and tilts) is expected at the recording site at times corresponding to the particular propagation modes. The observations of steps travelling at velocities near S-and Rayleigh-wave velocities seem to confirm this contention.
Moreover, the velocities of steps occurring during the Rayleigh-wave train seem to correspond closely to the high-frequency portion of the continental Rayleigh wave group velocity (i.e. 3-1 kms-1). For the local earthquakes, they are also close to the velocities of sedimentary Love and Rayleigh waves (2.0-2.5 kms-1, Oliver 1962). The velocities V b l e 1) across parts of the Pacific closely correspond to those observed by Wideman & Major (1967) for oceanic paths. The velocities of tilt (and strain) steps associated with the S waves correspond closely to the S-wave arrival time (Fig. 12) . Particularly noteworthy is the observation of a compressional strain in the NW-SE direction associated with such an S-wave arrival time from the Amchitka explosion at Cape Sarichef (record in Tocher & Brown 1972 see Berg & Pulpan 1971) . However, the tilt amplitudes for the teleseismic events often exceed the theoretically expected ones (as reported in Press 1965) by many times. Moreover, there are large amplitude differences among PAX and MCK on the one hand and GLM on the other for the New Guinea and the Solomon Islands earthquakes for similar epicentral distance and azimuth. For a different azimuth (the Chile earthquake), however, amplitude differences (for comparable magnitudes) are much smaller at PAX and MCK, and their relation to those at GLM is different. This supports Stacey and Rynn's idea that the tilt steps are related to local tectonics-in the Alaska case on a large scale, since the records for MCK and PAX near the Alaksa Range are remarkably similar, whereas those at GLM north of the Tanana Basin are not (compare Figs 13-17) . It is too early to compare the tilt-step direction to a local secular trend, because recording times are not long enough. A more detailed discussion of the amplitude fall-off with distance has been given in an earlier paper (Berg & Pulpan 1971 ). 
Propagation velocity of the second tilt is
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kms-1. Compare also with the next figure. E. erg ma w. ~utscbak (b) Local earthquakes Any discussion of the results of local earthquakes is a most ambiguous one. Only one full quadrant of data for the deformation of the crustal material in the form of tilt steps and their arrival times is available, and theoretical calculations for surface deformation resulting from strike-slip faulting at distances comparable to source depth, as well as realistic velocity-depth functions, are almost non-existent. Up on record is tilt toward the indicated direction, and the bars correspond to 50 msec arc. Berg 1969a, b) . The tilt field directions of the 1970 October 10 earthquake (Fig. 5) are consistent with theoretical calculations (Chinnery 1961 ; Press 1965 ) for a semiinfinite medium if the line for zero vertical uplift (that is roughly at a distance from the epicentre which is close to the focal depth) is placed beyond stations BRH and 33.
In this case, all short-period first-motion observations (Berg & Pulpan 1971) consistent with a north-westerly compressional axis. It is believed that tilt-field directions would not be altered drastically if a realistic velocity-depth function were to be used in the theoretical calculations, and the amplitudes might be closer to observations. R. Sat0 (1972, private communication) has shown theoretically that the inclusion of a 1.7 km thick surface layer (V, = 3.56, Vs = 2-37 kms-1) followed by a 2.8 km thick layer (V, = 5.5, Ve = 3.10 kms-1) over higher velocity layers in the crust drastically alters the deformation surface field for dip-slip and inclined strike-slip dislocations, whereas numerical calculation for a model with a first layer of 33 km thickness at the Amchitka north-west site (ANW) on the NW/SE and E/W strain records (presented by Romig et al. 1972 Romig et al. , p. 1463 . The one step (visible on both records) corresponds to 1.25 It 0-02 km s-1 and a second step (on the NW-SE record only) to 0.75 kms-1 at a distance of 35.6 km from the shot point, a similar distance range for which these low velocities have been observed in the Fairbanks area. These low velocities seem to be associated with the propagation of a plastic pulse in a highly stressed area. By superposing the earthquake-generated stress, the non-linear portion of the stress-strain curve is responsible for a plastic wave that will travel with a velocity V as given by Kolsky (1953):
where u = stress, E = strain, and p = density. In the linear part of the stress strain curve du/de = E or Young's modulus. In the non-linear part, for V = 1.2 kms-1 and p = 2.7 gcm-3, a value of 3.9 x 1010 dynecm-2 is obtained for the modulus. This is 20 times lower than the corresponding E modulus for a material with V, = 5.5 kms-l. As a consequence, such a plastic wave will generate a considerably larger deformation than the elastic wave for the same applied stress. A plastic deformation could also be triggered by stresses from teleseismic sources in a pre-stressed area and could perhaps alter the direction of the tilt (and strain axis) and account for some of the larger tilt-amplitudes observed in tectonically active areas, such as the Alaska Range, at the edge of the Pacific plate (Davies & Berg 1973 earthquakes are at depths near 20 km, so that the theoretically strong dependence of deformation amplitudes on depth (like H-2) is not considered in this discussion. Tilt amplitudes for the same distance and magnitude scatter at least by an order of magnitude and seem dependent on station location. As an example, station 24 shows about one order less in amplitude (compared to other ALPA stations) for similar epicentral distance (Fig. 18) . Station 31 seems to indicate higher amplitudes (when recorded) that might be structurally controlled, indicated by the predominantly ESE tilt direction for the Fairbanks earthquakes, and almost opposite direction for the Minto earthquake at the western side of ALPA (see Figs 2-6) .
A general increase in amplitude with magnitude is indicated at least to a distance between 30 and 50 km from the epicentre. This is demonstrated in Fig. 19 , where tilt amplitude versus magnitude is plotted for stations 24,34, and COL. These particular stations are located in a narrow epicentral-distance range (35.6-39 km for 24; 32.8-38.2 km for 34; 12 and 15 km for COL) except for the 1970 October 10 3.2 magnitude earthquake (where 24 and 34 are near 51 km). The two shallower earthquakes indicate somewhat higher amplitude for station 24 (two data points above full line, Fig. 19) but not for 34, where the amplitude for the 2.9 magnitude earthquake is very low.
For the dashed lines, the log of amplitudes shows direct dependence on M, whereas for the full lines dependence is like M/1.5, a result in line with earlier findings by Berg BE Pulpan (1971). A cut-off magnitude for recording tilt steps seems at least indicated for station 34 (at a distance near 35 km). Taking all data (of Fig. 18 ) together, it is not possible to clearly ascertain the dependence of cut-off distance on magnitude. Some cut-off between 40 and 50 km is, however, indicated by the reliable data, roughly at a distance twice the source depth.
Conclusion
Observed tilt steps often seem to be too large to be accommodated by existing theoretical dislocation models for a single-layered homogeneous isotropic and elastic crust. Alternative solutions should be sought in terms of more realistic crustal models, and should include plastic deformation in tectonically stressed areas as related to the non-linear portion of the stress strain curve. This is partially indicated by the large tilt amplitude at short distances from the epicentre and by the observed low propagation velocity of tilt steps for local earthquakes in the Fairbanks area, and partially by the high tilt amplitudes associated with lage distance earthquakes in the tectonically active area of Alaska. is at a comparable epicentral distance for all earthquakes, and focal distance was also nearly equal except for two of them (see text).
